The purpose of this study is to summarize water, carbohydrate (CHO), and electrolyte absorption from carbohydrate-electrolyte (CHO-E) solutions based on all of the triple-lumen-perfusion studies in humans since the early 1960s. The current statistical analysis included 30 reports from which were obtained information on water absorption, CHO absorption, total solute absorption, CHO concentration, CHO type, osmolality, sodium concentration, and sodium absorption in the different gut segments during exercise and at rest. Mean differences were assessed using independent-samples t tests. Exploratory multiple-regression analyses were conducted to create prediction models for intestinal water absorption. The factors influencing water and solute absorption are carefully evaluated and extensively discussed. The authors suggest that in the human proximal small intestine, water absorption is related to both total solute and CHO absorption; osmolality exerts various impacts on water absorption in the different segments; the multiple types of CHO in the ingested CHO-E solutions play a critical role in stimulating CHO, sodium, total solute, and water absorption; CHO concentration is negatively related to water absorption; and exercise may result in greater water absorption than rest. A potential regression model for predicting water absorption is also proposed for future research and practical application. In conclusion, water absorption in the human small intestine is influenced by osmolality, solute absorption, and the anatomical structures of gut segments. Multiple types of CHO in a CHO-E solution facilitate water absorption by stimulating CHO and solute absorption and lowering osmolality in the intestinal lumen.
not significantly different in the duodenojejunum from oral ingestion of the same solution (Lambert et al., 1996) , intestinal water and solute absorption from a given CHO-E solution vary from one segment to another in the small intestine and depend on the composition of the ingested solutions . Because of the time, expense, and complexity of the problem area, various laboratories investigating this topic have had to be selective in the experimental approach used. As a result, no one laboratory has been able to investigate the full range of conditions that may be critical to understanding water and solute absorption.
It was our intent to consider the full range of published experimental findings from studies of human intestinal triple-lumen perfusion with CHO-E solutions and, using simple statistical regression techniques, to integrate the data into models that suggest the critical factors involved in water absorption in the different gut segments and conditions. We evaluate the effects of CHO and solute absorption, CHO concentration, number of transportable CHOs, electrolyte concentration, osmolalities in the solutions and lumen, and exercise and rest on water and solute absorption. To our knowledge, there have been no comprehensive reviews of this literature and none that have taken this approach.
Methods

Techniques of Investigating Intestinal Absorption
In humans, the tracer method (Davis, Lamb, Burgess, & Bartoli, 1987; Leiper & Maughan, 1988a) , segmental perfusion techniques, and the whole-gut perfusion technique are used to study intestinal absorption. The tracer method uses an isotopic tracer such as deuterium in ingested solutions to measure the appearance of this tracer in circulation. The whole-gut perfusion technique investigates intestinal absorption or secretion in an entire gut but is not commonly used for studying water and solute absorption in humans. The segmental perfusion techniques, including simple double-lumen tubes (Schedl & Clifton, 1961) , double-lumen tubes with a proximal occluding balloon (Phillips & Summerskill, 1961) , and triple-lumen tubes (Cooper, Levitan, Fordtran, & Ingelfinger, 1966) , have been used to investigate intestinal transport. The triple-lumen-tube technique is the most commonly used and has a mixing segment between the perfusion site and the proximal sampling site, which allows endogenous secretion to mix with the test solution before it enters the test segment, which is bounded by the proximal and distal sampling sites. This test-segment distance is nominally defined by sampling sites but in actuality includes an unknown additional distance of gut corresponding to corrugation (Cook & Carruthers, 1974) .
It is important to note that various infusion rates were used in the intestinal perfusion studies that we reviewed, but whether different infusion rates affect water absorption is still debatable (Duchman et al., 1997; Modigliani & Bernier, 1971; Sladen & Dawson, 1969) . Comparing two separate studies (Hunt, Elliott, & Farthing, 1989; Leiper & Maughan, 1992) perfusing two almost identical solutions (solution A: glucose 65 mmol/L, sodium 68 mmol/L, and osmolality 235 mOsm vs. solution B: glucose 69 mmol/L, sodium 66 mmol/L, and osmolality 234 mOsm) in the human jejunum at 10 or 15 ml/min suggests that water absorption was similar (0.16 vs. 0.12 ml · cm -1 · min -1
). However, our statistical analysis of the data from all 30 studies that we reviewed showed a significant correlation between water absorption and infusion rate, with r 2 about .05, indicating that only 5% of the variation in water absorption is accounted for by flow rate.
To better focus on the topic of this review, we decided to select and summarize intestinal-absorption studies with the following inclusion criteria: They used a triplelumen-tube perfusion technique in duodenojejunum or in jejunum at rest or during exercise; they tested CHO-E solutions; they reported complete composition of test solutions, water and solute absorption, and osmolality data; and they studied humans.
Data Acquisition and Analysis
A total of 30 reports (28 full articles and 2 abstracts, ), CHO concentration (mmol/L), CHO type (glucose, sucrose, fructose, maltodextrin, corn syrup), osmolality (mOsm/kg), sodium concentration (mEq/L), gut segment, exercise, and rest. Much of the data were extracted from graphs using Vernier calipers to estimate means and variances from plotted data. In all instances resolution was maximized by relating graphed values (mm) to full-scale (vertical axis, mm) dimensions of the published figure. When total solute absorption was not reported, it was estimated by adding CHO absorption and Na + absorption together if available. As a result, it was not always possible to make direct comparisons of absolute absorption values among the figures reported in this review because of differences in the reporting methods of the articles included in the various figures.
Because of a paucity of data in some categories and to simplify the analysis, a number of measures were collapsed and recoded. Number of CHO types was recoded as CHO S-M (single vs. multiple, indicating whether the beverage had one type or multiple types of CHO in it). Concentrations of individual CHO present in a beverage were combined and analyzed as total CHO concentration (mmol/L) for that particular beverage. Gut segment was coded as duodenojejunum (~10 cm distal duodenum + 30 cm proximal jejunum) versus jejunum (the 30 cm of proximal jejunum). Exercise type was entered as exercise (exercise of any type) versus rest (at-rest condition).
For descriptive purposes means (M), standard deviations (SD), effect sizes (ES), and minimum and maximum values are reported. ES was calculated after Cohen's d (Cohen, 1988) . Mean differences were assessed for statistical significance using an independent-samples t test. Values for p are reported as exact probabilities. Net water and solute absorption are reported as positive values. Negative values indicate net secretion.
Exploratory multiple-regression analyses were originally conducted using a "backward" selection approach in which the full model was calculated first and then reduced as much as possible, one factor at a time, without appreciably degrading the overall multiple R value. However, full-model results are reported to allow a comparison of part correlations of the individual independent variables with the dependent variable. Analyses were carried out using SPSS version 15.0.1 (SPSS, 2006 ). An index of the relative importance of factors in each regression model was taken from the standardized beta coefficients. The square of the part correlations was used as an estimate of the proportion (or percentage) of the variation in dependent-measure scores (e.g., water absorption) attributable to individual factors with the influence of other factors removed (while leaving the dependent measure unadjusted; Licht, 1995) . In addition, in the intestinal-perfusion studies that were reviewed, the net carbohydrate, electrolyte, and total solute transport were calculated using the measured water flux values.
Statistical Perspective
We provide the following brief statistical perspective regarding the use of correlational methods to identify potential causal relationships. Although it is generally recognized that correlation does not equal causation, blind adherence to this mantra can lead to missed opportunities to identify factors that may be causal. The reason for this is that correlational investigations that are based on careful selection of independent variables that have a strong theoretical rationale for being causally related to a dependent variable can imply causation. This works because in the absence of highly correlated factors, the multiple-regression analysis isolates the individual factors from each other in terms of their individual relationships to the dependent variable and does so in a way similar to that achieved by experimental control (when doing a formal experiment). This is what Fisher meant when he said "Make your theories more elaborate" in answer to the question, "What can be done to move from correlational inferences to causal inferences?" The key is to select a sufficient number of theoretically relevant independent variables low in covariation so that the regression formula has a high R 2 and the effect of each factor is isolated from all the others (see Miles & Shevflin, 2001 , for a more complete discussion).
Consequently, we should look at the analyses in this review in that light. Multiple regressions including variables that prior research and our knowledge of physiological principals indicate should be causal are especially interesting and should become candidates for confirmatory experimental investigation. data are combined, CHO number, osmolality, and CHO absorption are relatively important (part correlation values of .42, -.25, and .17, respectively). As can be seen from the standardized beta coefficients in the model, CHO number, CHO absorption, and sodium absorption were positive and osmolality was negative in their predictive contribution. Plots of predicted versus actual water flux values are shown in Figure 1 . They are highly correlated in the proximal small intestine (r = .73). In the duodenojejunum and jejunum the regression model accounts for 53% and 81% of the variation in water flux, respectively. Water absorption, CHO absorption, and total solute absorption in the jejunum and duodenojejunum are shown in Figure 2 . In all instances, there was a significantly greater absorption of total solute, CHO, and water in the duodenojejunum. Water absorption was correlated with CHO absorption and total solute absorption in the jejunum ( Figure 3 ) but not in the duodenojejunum. Table 4 summarizes water absorption, CHO absorption, sodium absorption, and total solute absorption in the duodenojejunum, jejunum, and the combined duodenojejunum + jejunum. ES and statistical comparisons are reported for single-and multiple-CHO conditions and for rest and exercise conditions. Water absorption was significantly greater for multiple types of CHOs in the duodenojejunum and jejunum, and CHO and total solute absorption were only increased in the jejunum. Overall, the solutions containing multiple types of CHO produced significantly greater water, CHO, sodium, and total solute absorption than the solutions containing a single CHO when the combined duodenojejunum + jejunum data were evaluated. Exercise did not significantly influence water absorption when the duodenojejunum and jejunum data were evaluated separately (Table 4) . However, a significant increase of water absorption during exercise was found in the combined duodenojejunum + jejunum data (Table 4) . Solution osmolality and CHO concentration versus water absorption in the duodenojejunum, jejunum, and combined duodenojejunum + jejunum for multiple and single CHOs are shown in Table 5 and Figure 4 . Solution osmolality is highly correlated with water absorption in the duodenojejunum. In the jejunum, the correlation between solution osmolality and water flux for the solutions containing multiple types of CHO (R 2 = .47) disappears when a hypertonic CHO-E data point is eliminated (see inserted figure in Figure 4 ). When the data from the duodenojejunum and jejunum are combined, the correlation between water flux and solution osmolality is significant for all conditions (single, multiple, and single + multiple CHOs), but multiple CHO solutions appear to have a greater correlation.
Results
CHO concentration is negatively correlated with water absorption in the proximal small intestine, but much more so in the duodenojejunum for single CHO and in the jejunum for multiple CHOs. When both duodenojejunum and jejunum are evaluated together, the solutions containing multiple types of CHO have a higher correlation between CHO concentration and water absorption than in the single-CHO or single + multiple CHO condition (Table 5) .
A significant correlation between CHO absorption and water absorption was only found in the jejunum; it was greater under the multiple-CHO condition than the single-CHO condition ( Figure 5 ). CHO absorption was correlated with CHO concentration in the jejunum studies ( Figure 6 ). CHO absorption and total solute absorption were greater for multiple CHOs than for a single CHO in the jejunum and in the combined duodenojejunum + jejunum (p < .001) and greater during exercise than at rest in the jejunum (Table 4) .
Discussion
Rapid and effective rehydration should be the major function of ORS and sports drinks to correct dehydration induced by diarrhea and to promote optimal performance during exercise. To improve efficacy of ORS and sports drinks, many different test solutions have been studied under a variety of conditions in segments of the small intestine to better understand water and solute absorption. To summarize the data in this area, we statistically analyzed the results from all relevant studies on human small intestinal perfusion to date and provide an overview of how intestinal absorption of water, CHO, and sodium are affected by a variety of factors.
Water Absorption
Water absorption from a CHO-E solution in the human small intestine is influenced by solution CHO concentration, CHO type, number of transportable CHOs (single vs. multiple), osmolality, different segments of the small intestine, and exercise. These factors exert a significant impact on water absorption independently and/or interactively.
In the human small intestine, the duodenum is highly permeable to water. Ingestion of pure water results in fast absorption in this "leaky" segment driven by the osmotic gradient across the intestinal wall Sladen, 1975) . However, intestinal permeability decreases over the length of the small intestine, with an average pore radius of about 0.8 nm in the jejunum to 0.3 nm in the distal ileum (Fordtran, Rector, Ewton, Soter, & Kinney, 1965) . The jejunum is less permeable to water than the duodenum but has more transporters that facilitate CHO, electrolyte, and water absorption. These structural characteristics not only contribute to an isotonic equilibrium through net secretion or absorption of water and diffusible ions (Sladen, 1975) but also determine the phenomena of intestinal fluid absorption and secretion.
Water absorption in the human small intestine is a passive process and is highly correlated with solute absorption regardless of how the water molecules enter the blood, either paracellularly or transcellularly. There is some evidence indicating expression of at least two different aquaporins (AQP3 and AQP7) in the small intestine's epithelia serving as water channels (Ma & Verkman, 1999) that are membrane proteins involved in gastrointestinal water transport. In addition, sodiumglucose cotransporter has been found to carry hundreds of water molecules into enterocytes transcellularly per turnover (Loo, Zeuthen, Chandy, & Wright, 1996) . However, it is generally believed that rapid water movement across the epithelium in the small intestine occurs by a paracellular pathway. This concept has been supported by evidence of low osmotic permeability of brush-border membrane vesicles from the small intestine (Worman & Field, 1985) and opening of tight junctions (Pappenheimer, 1987 (Pappenheimer, , 1990 Pappenheimer & Madara, 1993) , active and dynamic spaces between cells that open or close to control relatively large amounts of fluids and nutrients to enter through them. Change in this barrier component-tight junction contributes to the regulation of permeability of the small intestine and directly affects intestinal absorption.
Based on these proposed water-transport mechanisms and the anatomical structure of the proximal small intestine, the following have been suggested:
• Water absorption is proportional to the pore size in the cell membranes of the intestine (Travis & Menzies, 1992) and negatively correlated to osmolality (Hunt, Elliott, Fairclough, Clark, & Farthing, 1992; Shi et al., 1995; Wapnir & Lifshitz, 1985) . This osmotic effect on water absorption is gradually attenuated from the duodenum to the jejunum and ileum.
• CHO absorption that relies on transporters to cross the intestinal wall facilitates water absorption through direct transport of water and/or maintenance or establishment of a new osmotic gradient across the intestinal wall in the jejunum. It was observed early on that water absorption follows the active absorption of dissolved solutes (CHO and electrolytes ; Binder, 1988 ).
• CHO-E solutions containing multiple types of CHOs use more transport mechanisms to maximize or speed solute absorption followed by water absorption. In this case, water absorption in the human small intestine largely depends on the nature of the solutes (CHOs and electrolytes) in and the osmolality of the CHO-E solutions, as well as the anatomical structure and physiological features of the small intestine.
Regression Model. Multiple-regression analyses for water absorption that included an array of factors (single vs. multiple CHOs, CHO absorption, osmolality, sodium absorption) achieved multiple correlations (R) of .73, .90, and .72, accounting for 53%, 81%, and 51% of the variation in water-absorption measurements in the duodenojejunum, jejunum, and duodenojejunum + jejunum, respectively (Table 3) . As can be seen in the model for the duodenojejunum, CHO number and osmolality had relatively large and significant beta weights, indicating that they are important factors governing water absorption in the proximal small intestine. Water absorption increases as a function of an increase in the number of transportable CHOs and a decrease in osmolality in the duodenojejunum region. In the jejunum, CHO and sodium absorption had relatively large and significant beta weights, indicating that water absorption increases as a function of an increase in the absorption of solute (Table 3 ). When this model is applied to both duodenojejunum and jejunum studies (Table 3) , CHO number, CHO absorption, and osmolality had significant beta weights, suggesting that multiple transportable CHOs, osmolality, and CHO absorption are relatively important factors influencing water absorption in the proximal small intestine. Water absorption increases as a function of a decrease in osmolality and an increase in the number of transportable CHOs and CHO absorption.
Actual Versus Predicted Water Absorption. Using the proposed model provides us with an opportunity to predict intestinal water absorption and compare it with actual intestinal water absorption from previous studies. The significant correlations between the predicted and actual water absorption along with the standardized beta coefficients for CHO number, CHO absorption, sodium absorption, and osmolality (Table 3 and Figure 1 ) suggest that the water absorption predicted from the regression model can provide a reasonably reliable estimate of water absorption and that osmolality and CHO absorption are of equivalent importance in predicting water absorption in the combined duodenojejunum and jejunum data, with multiple types of CHO remaining a key predictor. Therefore, unsurprisingly, multiple types of CHO, CHO absorption, and osmolality become the major factors in predicting water absorption in the proximal small intestine. Figure 3 demonstrates a correlation between water transport versus total solute and CHO transport. Overall, water transport is correlated with both total solute and CHO transport. When the data are analyzed separately by gut segment (duodenojejunum vs. jejunum), water transport is not correlated with either total solute or CHO transport in the duodenojejunum but is highly correlated with total solute transport in the jejunum. This finding is in agreement with the evidence from previous studies (Fordtran et al., 1961; Gisolfi et al., 1992; Malawer, 1965; Shi, 1994) , suggesting the important role of total solute absorption for influencing water absorption, and can probably be explained by two factors: (a) The jejunum is less permeable to water than the leaky duodenum, and (b) the jejunum has more transporters for CHO and electrolytes, and water transport can be facilitated by activating various transporters and opening tight junctions for "solvent drag" (Madara & Pappenheimer, 1987; Madara et al., 1992; Pappenheimer & Reiss, 1987) .
Multiple and Single CHO. The concept that the presence of multiple types of transportable CHO in a CHO-E solution enhances intestinal absorption of solute and water was first proposed in 1995 (Shi et al., 1995) and supported by subsequent studies of intestinal perfusion and exogenous CHO oxidation in muscles (Jentjens, Achten, & Jeukendrup, 2004; Jentjens & Jeukendrup, 2005; Jentjens, Moseley, Waring, Harding, & Jeukendrup, 2004; Jentjens et al., 2006; Lambert et al., 2008; Rowlands, Thorburn, Thorp, Broadbent, & Shi, 2008; Wallis et al., 2008) . That early work (Shi et al., 1995) examined the effect of single and multiple types of CHO on water absorption in the human small intestine and found that solutions containing two or more transportable CHOs produced greater solute and water absorption than solutions containing only one transportable CHO. The investigators attributed this finding to the addition of a second transportable CHO in solution that stimulated more transport mechanisms for solute absorption, thereby enhancing water absorption in the small intestine.
Is this concept a physiological fact? Our statistical analysis has shown that CHO transport highly correlates with water transport only in the jejunum when the test solutions contain multiple types of CHO ( Figure 5 ). The solutions containing multiple transportable CHOs produced significantly greater water absorption than the solutions containing a single CHO in both duodenojejunum and jejunum (Table 4) . These statistical findings from a broad literature base suggest that multiple types of CHO in the CHO-E solutions enhance CHO and water absorption by utilizing various transporters in the jejunum. If this site-specific phenomenon of intestinal CHO and water absorption applies to the entire jejunum, adding multiple transportable CHOs to a CHO-E solution (i.e., ORS or sports drink) will increase its efficacy.
Solution Osmolality. Intestinal water absorption is inversely related to the osmolality of the solution (Cunha Ferreira et al., 1992; Hunt, Carnaby, & Farthing, 1991; Wapnir & Lifshitz, 1985; Wapnir, Litov, Zdanowicz, & Lifshitz, 1991) . Hypotonic solutions (~200 mOsm/kg) produce greater water absorption than iso-or hypertonic solutions (Hunt et al., 1989; Hunt, Thillainayagam, et al., 1992) . A hypertonic glucose-electrolyte solution (440-631 mOsm/kg) produces net secretion of fluid in the human jejunum (Leiper & Maughan, 1986) and duodenojejunum (Gisolfi et al., 1992; Shi et al., 1995) . However, there were some exceptions found in previous studies that reported that isotonic CHO-E solutions promote greater water absorption than distilled water (Gisolfi et al., 1990; Leiper & Maughan, 1986) . When comparing water absorption from perfusion of CHO-E solutions (osmolalities ranging from 186 to 417 mOsm), Shi et al. (1994) and reported no significant differences in water absorption among these test solutions at rest or during exercise. This is possibly because CHO-E solutions containing multiple transportable CHOs can offset the effect of hyperosmolality on intestinal fluid absorption (Shi et al., 1995) .
Conflicting findings on osmolality still remain among individual studies. However, our model on water absorption and osmolality has shown that overall osmolality plays a significant role in water absorption in the duodenojejunum, although the solutions containing a single CHO have a higher negative correlation with water absorption than the solutions containing multiple CHOs (Table 5 ). This correlation between osmolality and water absorption decreases in the jejunum studies for the solutions containing a single CHO and remains the same in the jejunum for the solutions containing multiple CHOs. However, in the jejunum studies, only one test solution had a solution osmolality over 600 mOsm, and no solutions had an osmolality between 400 and 600 mOsm. If the solution with an osmolality of 603 mOsm is eliminated from the database (Figure 4) , the correlation between osmolality and water absorption for multiple-CHO solutions disappears (Figure 4 , middle insertion). Therefore, to determine whether osmolality has less impact on water absorption in the jejunum when the solutions containing multiple CHOs are evaluated, more studies with a wider range of test-solution osmolality are needed. Overall, the impact of osmolality on water absorption is attenuated from the duodenojejunum to the jejunum. This interaction between osmolality and water absorption in different gut segments is associated with the anatomical structure of the small intestine, the activity and number of transporters for solute absorption in the jejunum, the higher intestinal-tissue osmolality (Hallback, Hulten, Jodal, Lindhagen, & Lundgren, 1978; Hallback, Jodal, Mannischeff, & Lundgren, 1991) , and the different composition of the CHO-E beverages. However, there is no doubt that osmolality is a driving force of water movement in the small intestine.
Solution CHO Concentration. CHO is a major solute in ORS and sports drinks. CHO concentration therefore becomes a major determinant of solution osmolality. Table 5 shows correlations between CHO concentration and water absorption in the proximal small intestine. CHO concentration was negatively correlated with water absorption in the duodenojejunum and the jejunum, but the correlation was attenuated from the duodenojejunum to the jejunum for the solutions containing a single CHO and remained for the solutions containing multiple CHOs. This is in agreement with previous findings that increasing CHO concentration in a CHO-E solution increased the osmolality and decreased water absorption (Cunha Ferreira et al., 1987; Rolston, Borodo, Kelly, Dawson, & Farthing, 1987) . This inverse relationship became even more significant when the solution CHO concentration reached 8% and above for glucose or G3 (the corn-syrup solids contained many different short chains of glucose polymer; Gisolfi et al., 1992) . Our analysis also further implies that the inverse correlation between water absorption and CHO concentration is influenced by the unique anatomical structures of the small intestine and solute transport promoted by multiple CHOs.
Exercise Versus Rest. To date, there have been few studies investigating the effect of exercise on intestinal water absorption using the segmental-perfusion technique. An early study from Fordtran and Saltin (1967) reported no consistent effect of exercise on glucose, fluid, or electrolyte absorption during treadmill running for 1 hr at 64-78% VO 2max . Gisolfi et al. (1991) studied intestinal absorption of fluid and CHO during 1-hr bouts of cycle exercise at 30%, 50%, and 70% VO 2max and also found no exercise effect on absorption. However, Barclay and Turnberg (1988) found that water and electrolyte absorption in the jejunum were reduced during 50 min of moderate-intensity (mean heart rate 107 ± 7 beats/min) cycle exercise at 15 km/hr even though the values for water and solute absorption were extremely low. Using deuterium oxide as a tracer to study fluid absorption at rest and during 30 min of cycle exercise at 42%, 61%, and 80% VO 2max , Maughan, Leiper, and McGaw (1990) suggested that strenuous exercise might reduce the availability of fluid ingested during exercise. These findings from different laboratories using different experimental techniques have shown that the type and duration of exercise do not significantly affect intestinal absorption, but high exercise intensity may have some effect on intestinal absorption.
We collected 38 intestinal-perfusion trials from 10 different exercise studies (exercise intensity ranged from 30% to 78% VO 2max ). The mean values of water absorption from exercise are compared with the mean water-absorption values from all the resting trials. It is interesting that exercise appears to result in significantly greater water absorption in the proximal small intestine than the mean water absorption at rest (Table 4) . What are the possible causes for this? Gastric emptying rate is not significantly affected by cycle exercise at an intensity below 80%VO 2max (Costill, 1990) but can be delayed during intermittent running at ~70% VO 2max (Leiper, Nicholas, Williams, & Maughan, 2009) . No current data support the idea that gastric emptying might be a cause for exercise-induced increase of water absorption. Water absorption is not significantly affected during exercise until the exercise intensity increases to 78% VO 2max . During exercise, an increase of blood flow to working muscles significantly reduces splanchnic and mesenteric blood flow in humans (Rowell, Brengelmann, Blackmon, Twiss, & Kusumi, 1968; Wade et al., 1956 ) and will negatively affect intestinal water absorption. However, the exercise intensities in the studies evaluated were moderate and might not reduce blood flow enough to delay intestinal absorption of fluid. Would significantly increased CHO absorption (Table 4) in the jejunum during exercise partially explain the finding that exercise increased water absorption? Obviously, more studies are needed to further demonstrate the current observation of exercise-induced increase of water absorption. It should also be stressed that exercise intensities in the current analysis were lumped into a single category and compared with at-rest conditions, obscuring the ability to define a dose-response relationship and to relate exercise intensity to its clinical significance in affecting absorption.
Solute Absorption
In this review, solute absorption refers to CHO and electrolyte absorption across the intestinal wall, mainly CHOs and sodium. Lack of enough information on potassium absorption in the triple-lumen-perfusion studies limits our ability to evaluate this factor in the review.
CHO Absorption. In the human small intestine, CHOs (glucose, fructose, sucrose, maltodextrin, etc.) are transported either passively or actively through either transcellular or paracellular pathways. It has been demonstrated that glucose, fructose, and sucrose have their own specific transport systems and also share some common transporters. Glucose is absorbed using sodium-glucose cotransporter (SGLT1) located at the brush-border membrane (Stevens, Kaunitz, & Wright, 1984) . Fructose uses GLUT5 to cross the brush-border membrane into the intestinal epithelial cell (Burant, Takeda, Brot-Laroche, Bell, & Davidson, 1992) . The facilitated effect of GLUT5 makes the fructose absorption rate faster than the absorption rate of passively absorbed CHOs but slower than that of actively transported CHOs such as glucose and galactose. Both glucose and fructose exit the basolateral membrane of the intestinal epithelial cell into blood through GLUT2 (Cheeseman, 1993) . The sucrose-transport mechanism in the small intestine has been hypothesized to be a disaccharidase-related transport system (Fujisawa, Riby, & Kretchmer, 1991; Ugolev et al., 1986) . This transport system is associated with hydrolysis, but it is currently unclear whether the enzyme (sucrase) transfers the products of hydrolysis (glucose and fructose) to conveniently located transporters (SGLT1 or GLUT5) or the carrier is an integral part of the enzyme itself. These are intracellular transport mechanisms of CHOs. Another proposed solute-transport mechanism is paracellular transport (Madara & Pappenheimer, 1987; Pappenheimer, 1987 Pappenheimer, , 1990 , hypothesized as follows: Sodium-coupled solute transport inserts small quantities of solutes at high concentration in the lateral spaces just below the apical intercellular junctions to provide the force for osmotic flow. At the same time, sodium-coupled solute transport triggers contraction of perijunctional actomyosin to open tight junctions and provide optimal conditions for solvent drag. Therefore, ingested CHOs in a beverage can be absorbed either transcellularly or paracellularly.
Carbohydrate absorption from a CHO-E solution is directly related to solution CHO concentration. The higher the CHO concentration, the greater the CHO absorption. However, CHO absorption can be saturated when the concentration of CHO is higher than its transport capacity. For example, a saturable process of glucose absorption at approximately 200 mM and 100 mM of initial glucose concentration in the jejunum and ileum, respectively, was proposed by Rolston and Mathan (1990) when they perfused the human jejunum and ileum using iso-osmolar glucose-electrolyte solutions with nine different glucose concentrations. In the current review a CHO concentration ranging from 10 to 600 mmol/L is associated with CHO absorption ranging from 0.14 to 6.23 mmol · cm -1 · hr -1 (Tables1 and 2). A high correlation between CHO concentration and CHO absorption is observed in the jejunum studies but not found in the duodenojejunum studies (Figure 6 ), suggesting that the jejunum is the main region for CHO absorption. The current analysis reveals a significantly greater absolute CHO absorption rate from the duodenojejunum than from the jejunum (Figure 2) . The exact cause for this is not clear, but it implies that there is a substantial amount of CHO being absorbed in the duodenum. When the CHO-absorption data are analyzed for the effect of multiple types of CHO on CHO absorption in the different gut segments, it has been shown that solutions containing multiple types of CHO produced a significantly greater CHO absorption rate than solutions containing only one type of CHO in the jejunum, which also extends to the combined duodenojejunum + jejunum segments (Table 4 ). This agrees with the finding (Shi et al., 1995) that solutions containing multiple types of CHO increase CHO absorption by stimulating more transport mechanisms in the jejunum and is also consistent with the evidence that there are more CHO transporters located in the jejunum.
Although individual CHOs have their own specific transporters or share a common pathway, their transport rates are different. Glucose is absorbed faster from maltose, maltotriose, oligomer mixtures, and glucose polymers than free glucose (Daum, Cohen, McNamara, & Finberg, 1978; Jones, Higgins, & Silk, 1987) . Total CHO absorption from a sucrose-electrolyte solution is significantly greater than glucose absorption from a glucoseelectrolyte solution (Patra, Mahalanabis, & Jalan, 1982) . This phenomenon can be more likely explained by the liberation of monosaccharides by brush-border enzymes' achieving greater local concentration at CHO-transport sites than those achieved by random diffusion of free glucose and fructose through the unstirred water layer.
Exercise significantly increased CHO absorption in the jejunum but not in the duodenojejunum (Table 4) . This is not in agreement with two 3-O-methyl-D-glucose recovery studies (Lang, Gisolfi, & Lambert, 2006; Van Nieuwenhoven, Brouns, & Brummer, 1999) suggesting a decrease of CHO absorption during exercise at 70%VO 2max and is not consistent with the evidence available from the intestinal-perfusion studies that reported no effect on CHO absorption in the duodenojejunum (Gisolfi et al., 1991) and in the jejunum (Fordtran & Saltin, 1967) during exercise at 64-78% VO 2max . What could possibly cause an increase of CHO absorption in the jejunum during exercise when the available data from different laboratories are combined? There is not much evidence to help answer this question. If hyperglycemia or CHO content in the diet can up-regulate glucose transport across the basolateral membrane (Philpott, Butzner, & Meddings, 1992) , a reasonable speculation might be that perfusion of CHO-E solutions increases CHO availability in the jejunum and up-regulates intestinal CHO absorption by influencing transporter activities. This trend was not significant in the individual study but becomes significant when more data points are included, because of the enhanced statistical power in the larger data set, and affirms the importance of examining effect sizes. More studies are needed to confirm this finding of exerciseinduced increase of CHO absorption in the jejunum.
Sodium Absorption. Sodium is a major electrolyte found in CHO-E beverages and ORS/sports drinks. When a CHO-E beverage is ingested, sodium is transported through the intestinal wall by diffusion (Gunther & Wright, 1983) , Na + -H + exchange (Turnberg, Bieberdorf, Morawski, & Fordtran, 1970) , glucose-sodium cotransport (Hopfer & Groseclose, 1979; Riklis & Quastel, 1958) , and solvent drag (Fordtran, 1975; Fordtran, Rector, & Carter, 1968; Madara & Pappenheimer, 1987) . Sodium absorption is influenced by different regions of the small intestine (Davis, Santa Ana, Morawski, & Fordtran, 1982) and by different types of CHO in the ingested beverage. Glucose polymers produce the fastest rate of sodium absorption, and maltose is superior to glucose whereas sucrose is inferior to solutions containing either glucose or oligosaccharides (Fordtran, 1975; Jones, Beavis, Edgerton, & Silk, 1996; Saunders & Sillery, 1985) . A fructose solution results in sodium secretion or a slower absorption than a glucose solution (Fordtran, 1975) . Our analysis suggests that the solutions containing multiple types of CHOs produce greater sodium absorption than solutions containing a single CHO in the duodenojejunum and jejunum, but the differences are not statistically significant unless the duodenojejunum and jejunum data are combined (Table 4) . This potentially suggests another advantage of using multiple types of CHO in an ORS and/or a sports drink to enhance sodium or total solute absorption for sodium replacement and better hydration.
Total Solute Absorption. Solutes can be transported actively and passively against or down the concentration gradients. Movement of the solutes, which are partly determined by the composition of the ingested beverage in terms of CHO concentration, CHO type, number of transportable CHOs, and sodium concentration, affects the osmotic gradient and thus water absorption. Potassium concentration is relatively low in the test beverages and does not make a significant contribution to the total solute absorption.
Our analysis has shown that the rate of total solute absorption is significantly greater in the duodenojejunum than in the jejunum (Figure 2 ). This may suggest that sodium and CHO are quickly absorbed in this highly permeable segment (Rolston, 1997) . Solutions containing multiple types of CHO produced a greater total solute absorption than solutions containing a single type of CHO in the jejunum and in the combined data from both duodenojejunum and jejunum (Table 4 ). This agrees with our previous finding that multiple transportable CHOs increase intestinal CHO and water absorption by stimulating more transport mechanisms (Shi et al., 1995) .
The effect of exercise on total solute absorption has not been systematically studied. There were three studies of intestinal perfusion during exercise reporting total solute absorption data, but they provided no comparison with at-rest conditions Rogers et al., 2005; Ryan, Bleiler, Carter, & Gisolfi, 1989) . There were also three intestinal-perfusion studies comparing water absorption during exercise and at rest but not reporting total solute absorption (Barclay & Turnberg, 1988; Fordtran & Saltin, 1967; Gisolfi et al., 1991) . Therefore, the finding that exercise produced a significantly greater total solute absorption rate than that at rest in the jejunum and not in the duodenojejunum (Table 4) is worthy of further investigation.
Summary
Over 40 years of research on intestinal absorption of water, CHOs, and electrolytes using a triple-lumen-tube intubation-perfusion technique have provided a rich source of valuable information for health and sports professionals and made an important contribution to the scientific literature in gastroenterology. This review proposed a statistical regression model to predict water absorption based on the existing literature and demonstrated the credibility of the proposed model by comparing predicted water absorption values with the actual values from the experiments. In the human proximal small intestine, water absorption is related to both total solute and CHO absorption; osmolality exerts various impacts on water absorption in the different segments; the multiple types of CHO in the ingested CHO-E solutions play a critical role in stimulating CHO, sodium, total solute, and water absorption; CHO concentration is negatively related to water absorption; and exercise may result in a greater water absorption than at rest. Although some potential or proposed mechanisms for water and solute absorption are discussed, more studies in this area are needed for a better understanding of water and solute absorption associated with these influencing factors in different regions of the small intestine.
